The objective of this paper is to provide a comparison between two transverse flux rotary machines (TFRM) with different topologies of stator cores. Depending on how to make stator core with laminated steel sheets, the one topology is 'perpendicular stacking core' and the other is 'separated core.' Both of the two cores have been designed considering 3-dimensional (3-D) magnetic flux path with the same output power conditions, but the core losses are quite different and it causes different magnetic and thermal characteristics. For comparison of these two topologies of stator cores, therefore, core losses have been calculated and used as a heat source in noload conditions, and the thermal stress has been also calculated. 3-D finite element method has been used for the magnetic field, thermal, and stress analysis to consider the 3-D flux path of the TFRM. After comparing the analysis results of the two topologies, experimental results are also presented and discussed.
Introduction
Since Transverse Flux Rotary Machines (TFRM) have a 3-dimensional (3-D) magnetic flux path, either the stator or the rotor has to be skewed for smooth operation [1] [2] [3] . Fig. 1(a) shows a typical TFRM, which has been studied at the Korea Electro-technology Research Institute. The stator is divided into an inner core, and an outer one. The outer core is divided again into upper and lower parts; and the lower part is shifted by a half pole-pitch with respect to the upper part, to create a skewing effect [1] . Initially, all cores of the rotor and stator were made of soft magnetic composite (SMC); but the stator core material has since been changed to laminated silicon steel, in order to improve its magnetic characteristics. However, although the laminated directions of the inner and outer cores are perpendicular to each other, with regard to the 3D magnetic flux path, the electro-magnetic force (EMF) increases non-linearly with the frequency [1] , and the stator core surface temperature increases rapidly, even in no-load conditions. The reason that the EMF increases non-linearly with the frequency is because of eddy current losses, which process has been verified in [2] . To solve this problem, slits on the outer core have been suggested in [2] , and here, another topology of stator is investigated. In this paper, the typical stator is called M1, which has a perpendicular stacking core; and the other stator is called M2, which has a separated core, as shown in Fig. 1 . The perpendicular stacking core is made of two parts of cores, whose stacking directions are perpendicular to each other; while the separated core is made of bent core pieces, with only one stacking direction circumferentially. Except for the stator configuration, all the other conditions are the same.
The TFRMs with these two topologies of stator have been studied for high-torque direct-drive motor applications. The efficiency of a motor is important for effective direct drive motor systems; but more importantly, the total system, including the cooling system, should be compact, and have high efficiency. Reducing heat sources is one way of achieving high efficiency of both the motor, and the total system. In the TFRM, the number of poles is high, and the cores are highly saturated, so core loss is one of the major heat sources.
This paper discusses the severity of the loss and thermal problems with comparison of M1 and M2 through analysis and experiments. For the two topologies of stators, core losses are calculated and used as a heat source in no-load 
Analysis Models and Methods
In this section, the analysis models and analysis methods are introduced. Methods of heat source calculation, thermal analysis, and thermal stress analysis are also presented according to analysis procedure. Table 1 shows the common specifications of the TFRMs with stators M1 and M2. The total conceptual configuration of the TFRM is shown in another study [1] . For the analysis modeling of TFRM, one phase is enough because each phase is independent, and there is no mutual inductance. In addition, the analysis model is reduced by periodic conditions. The TFRMs have 2 phases and 60 poles/phase, so Fig. 1 shows the 1/60 configurations of the TFRMs.
Analysis Model

Heat Source Calculation
The EMF of the TFRM with M1 increases non-linearly with the frequency increase, as mentioned. This means that the core loss is severe in the machine, and it can cause thermal problem. In no-load condition, therefore, core loss is only treated here as a heat source. The other sources such as copper loss, magnet loss, and bearing loss are not considered. Furthermore, only the stator core loss is considered to clearly compare M1 and M2 because the rotor is the same.
The general three-term core loss model that is used to calculate the total core loss Pv in W/kg for a sinusoidal magnetic field is expressed as follows [4] - [6] :
where B m is the peak value of the AC flux density, f is the frequency, K h and n are the hysteresis core loss coefficients, K c is the eddy-current core loss coefficient, and K e is the excess core loss coefficient. The value of n=2 has been reported irrespective of the electrical steel used and will therefore be adopted for this analysis [5] . Then, (1) can be rewritten with a two-term core loss model as follows [6] :
In this paper, core loss coefficients K h , K c , and K e are treated as constant values irrespective of frequency and flux density variation, and the coefficients are obtained by curve fitting the measured core loss data, as shown in Fig.  2 . A previous core loss method [7] can be used for more accurate analysis, but this simple method using (1) and constant coefficients is used to reduce analysis time. The little error between the assumed and measured data as shown in Fig. 2 ] is the heat generation rate per unit volume. For steady-state analysis, the first term on the left-hand side of (3) is zero [8] .
Newton's convection boundary condition is:
where q n is the heat flux. The heat flux flowing through the boundaries to its surroundings is described with the heat-transfer coefficient and the external temperature T amb . For the analysis models, the convection boundary conditions are considered between stator teeth surfaces and inner air in the air gap, between the magnet and inner air, between the rotor core and inner air, and between the housing and outer air. The convection heat transfer to the surroundings is dependent on the geometry and the cooling conditions. The convection coefficient is determined by two main quantities: 1) the ruggedness of the rotor and stator surfaces and 2) the peripheral speed of the rotor surface [8] . Since the TFRM is an outer rotor type, and the rotor housing has a smooth surface, an experiential formula [8] was used for calculation of the convection coefficient between the housing and outer air as follows: (5) where v r and v a are the peripheral and axial velocities of the rotor surface, respectively.
The other convection coefficients on the surface in the air gap are calculated by an equation from a previous study [9] , because the stator has a toothed structure:
where v rr is the velocity of the air (cm/s), and l g is the length of the air-gap (cm). The thermal conductivities of each material in the analysis model and the calculated convection coefficients are listed in Table 2 .
Thermal Stress Analysis
The stress analysis uses the quadratic hexahedral elements and the same mesh as in the thermal field analysis. Using Hooke's law, the stresses in an element are given by:
Where σ is a stress, D e is the element elasticity matrix, B s is the element strain matrix, is the global displacement vector, and is the element thermal strain matrix [10] .
For the boundary conditions in the x, y, and z directions, it is assumed that the stator and rotor cores are completely fixed at the axis surface, and the displacements on the axial direction (z-direction) are zero. Table 3 shows the Young's modulus (modulus of elasticity) and Poisson's Ratio of each material in the analysis model. All values except the SMC can be obtained from general material information [11, 12] . For the precision value, however, 50PN600 in POSCO grade (50A600 in JIS, M600-50A5 in EN10106) is considered as silicon steel, and the average of values of rolling direction (RD) and transverse direction (TD) is used for analysis. In the case of SMC, the main ingredient of SMC is the same as silicon steel, but it is more like brittle material rather than ductile material because of sintering process of iron base powders. Somaloy 550 in Höganäs grade is considered for mechanical property of SMC, and the information is limited to tensile strength and elongation, which are compared with those of silicon steel in Table 4 .
Analysis and experimental results
Analysis Results
In transient electro-magnetic analysis for core loss calculation, it uses quadratic tetrahedron and about 0.6 million elements. The analysis condition is that rotating speed is 300 rpm and input current is zero. Stacking direction and skin depth is also considered. In the aligned position between rotor pole and stator tooth, the flux density distributions of the two models are shown in Fig.  3 . The cross section of flux path in M2 is smaller than that of M1, and so the flux density of M2 is higher on average. Fig. 4 shows the flux linkage in the coil and core losses calculated with magnetic analysis results. Although all analysis conditions are the same, the flux linkage of M2 is slightly smaller than that of M1 because of stator cross section different. In the core loss comparison, however, the difference is bigger. When the core loss waveform reaches steady state, the average core loss value of M2 is as 1.7 times small as the value of M1. This average core loss is used as heat source of each stator.
The steady-state thermal analysis results are shown in Fig. 5 . The temperature difference of the two models is big not only because core loss of M2 is smaller than that of M1, but also because the teeth surface area of M2 is wider and so that heat radiates easily. These thermal distributions are used as sources of static structural analysis to calculate thermal stress. Fig. 6 shows the equivalent stress distribution after static structural analysis. The absolute quantity is too small to have influence on structural problem, but it is clear that the equivalent stress of M2 is much smaller than stress of M1.
Experimental Results
It is difficult to measure only the stator core loss because the mechanical loss and rotor loss should be separated from the total losses. Therefore, the core losses of M1 and M2 are compared indirectly through EMF comparison. The non-linearly increasing EMF waveform, which has been mentioned as a problem of M1improved, is completely improved in M2, as shown in Fig. 7 . Furthermore, it is clearly shown in Fig. 8 that the temperature differences of the stator tooth surface of each model are much higher than expected with the analysis results.
Conclusions
The core losses of topology M1 were very severe, based on analytic results, and the EMF test results. The characteristics of TFRM with M2, however, were certainly improved, because of the difference in quantity of the heat source, and structural differences for heat radiation. This is because the configuration of separated core has the same effect as that of the slits in [2] , and the core losses were reduced, including eddy current loss. This has been proven, both analytically and experimentally. If laminated steel sheets are used for TFRM, the topology M2 should be used for the stator core, to reduce core losses, and to obtain the proper magnetic characteristics. 
